A surface plasma wave ͑SPW͒ of frequency 1 and wave number k 1 propagating along a metal-free space boundary exerts a ponderomotive force on the free electrons, creating an electron density perturbation at frequency 2 1 . When a laser of frequency 2 and wave number k 2 is incident at a suitable angle on the metal surface, it gives rise to the oscillatory velocity of electrons at frequency 2 . This oscillatory velocity couples with the density perturbation to generate a nonlinear current at frequency 2 1 + 2 . The nonlinear current derives a radiating wave under suitable conditions. By measuring the amplitude of the radiating wave, the SPW field can be probed.
I. INTRODUCTION
Surface plasma wave ͑SPW͒ is a guided electromagnetic mode that propagates along the interface of a dielectric and metal. Its amplitude decays exponentially away from the interface on both sides.
1-4 It can be excited by attenuated total reflection ͑ATR͒ configuration, 2,3 by ripples of suitable wave number over the metallic interface, 4, 5 or by an electron beam. 5 In recent years extensive research has been done toward the excitation of surface plasma wave both experimentally and theoretically. Since the properties of SPW depend strongly on the properties of the interface along which they propagate, they have found various potential applications. They are useful in characterization of metallic surfaces and thin films, 6 biochemical sensing, 7-10 determination of refractive index of a media. 11 SPW also causes enhancement of many physical phenomenon such as second harmonic generation, 12 Raman scattering, 13, 14 electron acceleration, 15, 16 material ablation, 17 etc. Currently, much effort has been made toward the probing of surface plasma wave. However, direct probing of SPW is quiet difficult. Smolyaninov et al. have used scanning near field optical microscopy ͑SNOM͒ to probe the SPW field above the surface and to visualize its distribution. [18] [19] [20] He used uncoated tapered fiber tip to probe the SPW field. The fiber tip is scanned over the sample surface with a constant tip surface distance by the shear force feedback technique. In this case, SNOM has been modeled as a point source of light converted from the SPW in the direction of the SPW resonance. 21 SNOM has also been used to analyze the coupling between the SPW modes on the two interfaces of a metal film. 22 In this paper, we have proposed a simple method for probing SPWs in the far field region by shinning a laser on the free space interface. We consider that a surface plasma wave of frequency 1 and wave number k 1 is propagating along the metal-free space boundary. The surface plasma wave induces a ponderomotive force on free electrons which results in electron density perturbation n 1 at frequency 2 1 . When a laser of frequency 2 and wave number k 2 is incident at a suitable angle on the metal surface, it gives rise to oscillatory velocity of electrons v 2 . This oscillatory velocity in association with electron density perturbation n 1 generates a nonlinear current J 1 at frequency 2 1 + 2 . This current causes to radiate a space wave depending upon 1 , 2 and the angle of incidence.
In Sec. II, we have derived the expression for ponderomotive force and corresponding electron density perturbation induced by the surface plasma wave in the metal region. In Sec. III, we have obtained nonlinear current density resulting from the oscillatory velocity of electrons and electron density perturbation. We have studied the corresponding excitation of radiation and hence probing of SPW. In Sec. IV, we summarize the results.
II. PONDEROMOTIVE FORCE AND DENSITY PERTURBATION INDUCED BY SPW
Consider a metal-free space interface, x = 0, with metal occupying the half space ͑x Ͼ 0͒. The dielectric constant of the metal is m = L − P 2 / ͑ + i͒, where is the collision frequency, P is the plasma frequency, and L is the lattice dielectric constant. A surface plasma wave of frequency 1 and wave number k 1 propagates along the interface,
where 
The surface plasma wave exerts a ponderomotive force 23 F = e ٌ P on free electrons with
where P is the ponderomotive potential, and m and e are electronic mass and charge, respectively. Using the equation of motion at frequency 2 1 ,
where is self the consistent potential, we obtain
where v 2 1 is the oscillatory velocity of electron. Using Eq. ͑5͒ in the equation of continuity,
where n 0 0 is the equilibrium electron density and n 2 1 is the density perturbation at frequency 2 1 . From Eqs. ͑5͒ and ͑6͒, we get
The self-consistent potential and the density perturbation n 2 1 are related to each other by Poisson's equation as
Using Eq. ͑7͒ in Eq. ͑8͒, we obtain the following dispersion relation:
where e,2 1 =− P 2 /2 1 ͑2 1 + i͒ and 2 1 = L + e,2 1 . Using Eq. ͑9͒ in Eq. ͑7͒, we get the electron density perturbation in terms of potential P ,
III. EXCITATION OF SPACE WAVE AND PROBING OF SPW FIELD
A laser of frequency 2 and wave number k 2 is incident on the metal surface at an angle from the normal ͑Fig. 1͒. The laser field is given by
where k 2z = k 2 sin i and k 2x = k 2 cos i . The laser penetrates the metal. Inside the metal the laser field is
where ␣ 2 = ͑k 2z 2 − 2 2 2 / c 2 ͒ 1/2 , 2 = L − P 2 / 2 2 , and E 2tz = E 2z ͓2␣ 2 / ͑␣ 2 − i 2 k 2x ͔͒. The laser field inside the metal surface induces oscillatory velocity v 2 on the electrons, v 2 = eE 2tz / mi 2 . This oscillatory velocity couples with electron density perturbation to generate 23 a nonlinear current density J 1 NL ,
Employing Eq. ͑10͒ in Eq. ͑13͒, we obtain
where J 1z = ͑ e /8͒͑ L / 2 ͓͒͑4␣ II 2 −4k 1 2 ͒e / mi 2 ͔E 2tz P , =2 1 + 2 , and k z =2k 1 + k 2z . The nonlinear current density will give rise to a radiation at frequency . The propagation of radiation is governed by the following wave equation:
where Ј = 1 for x Ͼ 0 and Ј = = ͑ L − P 2 / 2 ͒ for x Ͻ 0. Substituting Eq. ͑14͒ in to Eq. ͑15͒, we get
where,
. The solution of the wave equation is given by the following set of equations:
Schematic of a metal-free space interface on which a surface plasma wave propagates. The probing laser is incident at a suitable angle on the interface. The radiated wave carrying information about the SPW field is the probed wave as a space wave.
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gives the maximum allowed value of the angle of incidence from the surface normal to probe a surface plasma wave.
Applying boundary conditions of continuity of E 3z and ЈE 3x at x = 0, we obtain
where
. Taking divergence of Eq. ͑17͒ in the region x Ͻ 0, we obtain
Solving Eqs. ͑19͒-͑22͒, we get
ͪͮ.
Substituting J 1z and P from Eq. ͑3͒ into Eq. ͑22͒, we get
The intensity of the radiated wave is given as I R = ͑c /8͒A 3 2 / cos 2 R , where R is the angle which the radiated wave makes with the surface normal. The relation between R and the angle of incidence of the probing laser i is
We have considered noble metal gold ͑Au͒ in order to have an appreciation of the intensity of the radiated signal with the parameters of incident laser and surface plasma wave. In Fig. 2 , we have plotted the intensity of the radiated wave I rad ͑in W/cm 2 ͒ with the electric field of the surface plasma wave E 1 ͑in V / cm 2 ͒ for the 1 / P = 0.143, 2 / P = 0.132, intensity of the probing laser
−3 , and i = 10°. The intensity of the radiated wave increases monotonically with the field of the incident laser. In Fig. 3 , we have plotted the intensity of the radiated wave I rad ͑in W/cm 2 ͒ with the angle of incidence i w.r.t. the surface normal for E 1 = 1.5ϫ 10 6 V / cm. As the angle of incidence i increases, the intensity of the radiated wave increases and acquires a maximum value for a specific value of angle of incidence, thereafter it starts decreasing. In Figs. 4 and 5, intensity of the radiated wave I rad ͑in W/cm 2 ͒ has been plotted with the normalized frequencies of the SPW 1 / P and incident laser 2 / P , respectively, for i = 10°. One may note that the intensity of the radiated wave increases monotonically with both the frequencies. Using Eq. ͑24͒, we have plotted the angle of radiated wave R versus the angle of incidence i in Fig. 6 for 1 / P = 0.143 and 2 / P = 0.132. The angle of radiated wave increases with the angle of incidence. We note that i has an upper cutoff while 
IV. DISCUSSION
The second order sum frequency radiated signal, produced by the nonlinear coupling of a surface plasma wave and the probing laser beam, has measurable level of power for modest intensity of probing laser and the SPW. The nonlinear coupling would produce a radiated signal at =2 1 + 2 , with amplitude scaling as the single power of probe laser amplitude and square power of the SPW amplitude. For noble metal gold ͑Au͒, the radiated wave intensity of ϳ0.01 W/cm 2 is observed when the SPW field of ϳ10 5 V / cm is probed using laser of intensity of ϳ10 6 W/cm 2 at ϳ1 m wavelength. The radiating power is also influenced by the frequencies of the probing laser and the SPW field. It increases monotonically with both frequencies. The radiated signal travels at an angle R with respect to the surface normal, where R increases monotonically with incident angle of the probing laser i with respect to the surface normal. For an incident angle of 20°, the angle of the radiated wave comes out to be 52.1°at ϳ1 m. The proposed scheme offers a simple method to measure wide range of SPW intensities in the far field region. 
